proposed a type of GRB-less X-ray transient associated with double neutron star (NS-NS) mergers under the conjecture of a rapidly-spinning magnetar merger product with the line of sight off the short GRB jet. We investigate possible light curves of these transients by considering different observer's viewing angles. We perform Monte Carlo simulations to calculate the peak luminosity function (LF) and event rate density of these X-ray transients. By considering that a fraction of massive neutron stars may be supra-massive and later collapse into black holes after spinning down, we investigate how the predicted LF depends on the equation of state (EoS) of the central object and the geometry of the system. In general, the LF can be fit by two log-normal distributions peaking around 10 46.4 and 10 49.6 erg s −1 , corresponding to the trapped and free zones, respectively. For the majority of the EoS models, the current non-detection is consistent with having a free zone solid angle at most a few times of the solid angle of the short GRB jet. The event rate density of these X-ray transients is around a few tens of Gpc −3 yr −1 for luminosity above 10 45 erg s −1 . We predict that future X-ray telescopes (such as Einstein Probe) with sensitivity ∼ 10 −11 erg s −1 cm −2 would detect as many as several tens of such transients per year per steradian. Within 200 Mpc, the aLIGO average range for NS-NS mergers, the estimated event rate of these transients is about 1 transient per year all sky.
1. INTRODUCTION The detection of GW150914 (Abbott et al. 2016a) , and the follow-up detections of GW 151226 and LVT 151012 (Abbott et al. 2016b) by Advanced LIGO marked the beginning of gravitational wave astronomy. Detecting electromagnetic (EM) signals accompanying GW events is of great astrophysical significance, which allows one to locate the host galaxy and to study detailed physics of compact star mergers. Besides the already detected BH-BH mergers, NS-NS and NS-BH mergers are highly expected to be observed in the near future (Belczynski et al. 2016) .
Several EM counterparts of GW events due to NS-NS and NS-BH mergers have been discussed in the literature: 5 The leading counterpart is short-duration GRBs (sGRBs), which are believed to be produced via accretion of merging materials into the central BH formed during the merger (Paczynski 1986; Eichler et al. 1989; Paczynski 1991; Narayan et al. 1992; Rosswog et al. 2003; Rezzolla et al. 2011) .
Current short GRB observations are in general consistent with such a hypothesis (Gehrels et al. 2005; Barthelmy et al. 2005; Berger et al. 2013; Li et al. 2016b ). Short GRBs are followed by long-lasting broad-band afterglows (Kann et al. 2011; Fong et al. 2015) , which are also good targets for the observations of the EM counterparts of GW events.
The second EM counterpart is the optical/IR signal powered by the radioactivity of the neutron-rich materials launched during the NS-NS or NS-BH mergers (Li & Paczyński 1998; Kulkarni 2005; Metzger et al. 2010; Metzger & Berger 2012; Barnes & Kasen 2013; Tanaka & Hotokezaka 2013) . Such kind of signal, named as "macronova" or "kilonova", has been claimed to be associated with some short GRBs Berger et al. 2013; Yang et al. 2015; Jin et al. 2015; Gao et al. 2015 Gao et al. , 2016b Jin et al. 2016) .
The third EM counterpart is the afterglow-like emission associated with the macronova materials when they interact with the ambient medium. Since the ejecta is non-relativistic, the emission is mostly in the radio band and is called "radio flares" (Nakar & Piran 2011; Piran et al. 2013; Gao et al. 2013) . No such candidate signal has been reported.
All the above EM signals are based on the assumption that the post-merger product is a BH. This is certainly true for NS-BH mergers. However, for NS-NS mergers it is possible that the post-merger product is a NS rather than a BH. There are four possibilities: a BH, a differential-rotation-supported hypermassive NS that lasts for ∼ 100 ms before collapsing to a BH, a rigid-rotation-supported supra-massive NS that can survive for a much longer time (e.g. tens of seconds to > 10 4 seconds) before collapsing after the NS is spun down enough, and a stable NS that lasts forever. The outcome of the merger product depends on the total mass in the NS-NS binary system, and the unknown NS equation of state (EoS). In most NS-NS merger simulations, typical 1.4 M ⊙ NSs are adopted. These simulations usually give rise to a BH or a hyper-massive NS (e.g. Rosswog et al. 2003; Rezzolla et al. 2011) . However, the total mass in Galactic NS-NS binaries are relatively small, typically in the range of (2.5-2.7) M ⊙ (Kiziltan et al. 2013; Martinez et al. 2015) . The existence of NSs with masses of at least 2 M ⊙ (Lattimer & Prakash 2010) suggests that the NS EoS is stiff. If the maximum mass of a non-rotating NS, M TOV , is about or even larger than 2.2 M ⊙ , a supra-massive NS would be likely a merger product at least for some NS-NS mergers, since the maximum mass of a rigid-rotation-supported NS can be more massive than M TOV by about 20% Lü et al. 2015; Breu & Rezzolla 2016) . Numerical simulations show that un-der extreme parameters (small NS masses and stiff EoS), even a stable NS can survive the merger (Giacomazzo & Perna 2013) . Observations of the afterglow of short GRBs show the existence of X-ray flares, shallow decay phase, and extended emission following short GRBs (Dai et al. 2006; Fan & Xu 2006; Metzger et al. 2008) , which may point towards a magnetar central engine. A smoking-gun evidence is the existence of an extended X-ray plateau (typically lasting 100s of seconds) followed by a very steep decay as observed in a good fraction of short GRBs (Rowlinson et al. 2010 (Rowlinson et al. , 2013 Lü et al. 2015) . Such plateaus likely mark the existence of a supra-massive NS after the merger which collapse to a BH hundreds of seconds later, giving rise to rapid decay (Zhang 2014) . Global Monte Carlo simulations suggest that the short GRB data are consistent with such a picture for some NS EoSs (Gao et al. 2016a; Li et al. 2016c ).
Invoking such a millisecond magnetar as the NS-NS postmerger product, Zhang (2013) proposed a fourth EM counterpart for GW sources in the X-ray band. Since a millisecond magnetar launches an essentially isotropic magnetospheric wind, the effect of the magnetar can be observed even if the observer misses the jet emission that produces the short GRB. Zhang (2013) hypothesized that the magnetar wind dissipates internally and produces X-rays via synchrotron radiation mechanism, probably through collision-induced magnetic reconnection (Zhang & Yan 2011) or current instability (Lyutikov & Blandford 2003) . This is based on the observations of the so-called "internal" X-ray plateaus as observed in the X-ray lightcurves of some GRBs (Troja et al. 2007; Rowlinson et al. 2010 Rowlinson et al. , 2013 Lü et al. 2015) . These plateaus show a very steep decay at the end, which is impossible to account for within the models that invoke external shock interactions.
6 Zhang (2013) suggested that a wide-field X-ray detector may detect an X-ray signal coincident with a NS-NS merger GW event to be detected by LIGO and other GW observatories in the future.
Having a stable or supra-massive millisecond magnetar as the NS-NS merger product also has important implications for other EM counterparts of GW events. In particular, the steady energy injection of the magnetar spindown energy into the neutron rich ejecta would have two effects. First, the macro-/kilo-novae receives extra energy from the magnetar so that they are no longer simply powered by radioactive decay and could be much brighter than "kilonova" (Yu et al. 2013; Metzger & Piro 2014) . In some extreme cases, these events can be even observed in X-rays Siegel & Ciolfi (2016a,b) 7 . Following Yu et al. (2013) , we call such transients "mergernovae". Gao et al. (2016b) identified an optical bump signature in several short GRB afterglow lightcurves, which can be well interpreted as from the merger-novae. Second, the external shock emission when this ejecta interact with the ambient medium would be also brighter, which may be detectable in all wavelengths other than in radio .
In this paper, we study the X-ray signature proposed by 6 Several models invoking external processes to account for these X-ray plateaus have been proposed in the literature (e.g. Rezzolla & Kumar 2015; Siegel & Ciolfi 2016a,b) , but none can reproduce the steep decay in the data. Siegel & Ciolfi (2016a,b) suggested that most magnetar-powered merger-nova peak in the soft X-ray band. However, their model did not consider pdV cooling of the merger-nova ejecta (D. M. Siegel, 2016, private communication) . With such an effect considered, only magnetars with extreme parameters (e.g. B ∼ 10 16 G, and P 0 ∼ 1 ms) can produce an Xray merger-nova. For typical magnetar parameters, the merger-nova is much fainter in X-rays, as shown in this paper. Zhang (2013) in more detail. We introduce the concepts of "free zone" and "trapped zone" for X-ray photons and calculate possible X-ray lightcurves for different viewing angles and different magnetar parameters (Sect. 2). Through Monte Carlo simulations, we derive the luminosity function of these transients. Since these X-ray transients have not been firmly detected, we use the non-detection to constrain the solid angle of the free zone as well as the event rate density of these transients (Sect. 3). The fraction of supra-massive NSs also depend on the EoS of the NS (or quark star, QS), so we also investigate how our predictions depend on EoS. By comparing with other X-ray transients, we make predictions of the detectability of these transients by future wide-field X-ray detectors, such as Einstein Probe (Yuan et al. 2016 ).
MODEL & LIGHTCURVES
2.1. Geometry We consider a NS-NS merger which leaves behind a stable or supra-massive millisecond magnetar behind. The post-merger geometric configuration may be delineated by a cartoon picture in Figure 1 . Since the open field angle of a millisecond magnetar is very wide, one can approximate a nearly isotropic pulsar wind. The X-rays produced by the internal dissipation of the magnetar wind are assumed to be emitted isotropically, whose luminosity tracks the dipole spin-down luminosity of the magnetar with a certain efficiency η. Numerical simulations of NS-NS mergers show that around 10 −3 to 10 −1 M ⊙ ejecta are ejected during the merger process (Freiburghaus et al. 1999; Rezzolla et al. 2010; Hotokezaka et al. 2013; Rosswog et al. 2013 ). These launched ejecta cover a significant solid angle. The X-ray photons can escape freely to the observer only when there is no ejecta in front. Otherwise, they are trapped by the ejecta and would first heat and accelerate the ejecta (along with the Poynting flux) and eventually escape when the ejecta becomes optically thin.
Considering that such a system may also launch a relativistic jet in the direction perpendicular to the orbital plane (e.g. Metzger et al. 2008; Zhang & Dai 2010; Bucciantini et al. 2012) , one may define three zones (Figure 1 ):
• Jet zone: the direction where a short GRB can be detected. The X-rays from magnetar wind dissipation can be also observed, which powers the X-ray internal plateau as seen in a good fraction of short GRBs (Lü et al. 2015 );
• Free zone: the direction where no short GRB is observed but X-rays can still escape freely. In Fig. 1 this zone is marked as an annular ring around the jet, but in principle it can include the solid angle patches not covered by the ejecta in any direction. Since a millisecond magnetar wind is supposed to be essentially isotropic, throughout the paper, we assume that the X-ray luminosities in the free zone and in the jet zone are the same;
• Trapped zone: the direction where X-rays are initially trapped by the dynamical ejecta.
One has the sum of the solid angles
Short GRB observations suggest a typical half opening angle of 10 o (even though with a wide distribution) so that the average jet solid angle is Ω jet ∼ (1/70)4π (Berger 2014) . We then define a solid angle ratio parameter
with which the relative distributions among the three solid angles can be determined. 2.2. Spin-down law and free zone emission The millisecond magnetar losses its rotation energy through both magnetic dipole radiation and gravitational wave (GW) radiation, with a total spin-down rate (e.g. Shapiro & Teukolsky 1983; Usov 1992; Zhang & Mészáros 2001; Gao et al. 2016a; Lasky & Glampedakis 2016) 
where Ω = 2π/P is the angular frequency andΩ its time derivative, I is the moment of inertia, B p is the dipolar field strength at the magnetic poles on the NS surface, R is the radius of the NS, and ǫ is the ellipticity of the NS. The second term describes the GW radiation energy loss term, which describes the direct energy loss rate from the system, which does not affect the evolution of the remnant. The first term is the magnetic dipole radiation or magnetar wind spin-down term.
In the following, we define the negative of this term as the dipole spin-down luminosity
which is directly related to the total energy power of the EM counterparts in the system. Dropping out one of the two terms in the right hand side of Eq.(3), one can define two characteristic spin-down time scales (Zhang & Mészáros 2001) 
where Ω i and P i are the initial angular velocity and period of the magnetar, respectively. Hereafter the convention Q n = Q/10 n has been adopted. Before the spin-down time, Ω and therefore L sd is essentially a constant. With dipolar spin-down and GW spin-down terms only, the decay of Ω after their respective spin-down time scale goes as Ω ∝ t −1/2 and ∝ t −1/4 , respectively, so that L sd ∝ t −2 and ∝ t −1 respectively. When both dipolar and GW spin-down terms are considered, the overall spin-down time scale of the magnetar can be defined as t sd = min(t md ,t GW ),
and the spin-down luminosity (Eq. (4)) behaves as (8) for t GW < t md , and
In the free zone, internal dissipation of the magnetar wind gives an X-ray luminosity which scales with L sd , i.e.
where η is the efficiency of converting the dipole spin down luminosity to the observed X-ray luminosity.
2.3. Trapped zone In the trapped zone, the dissipated photon energy defined by Eq. (4) is trapped in the ejecta. Together with the nondissipated Poynting flux energy, it is used to heat the ejecta and accelerate the ejecta via pdV work. The optical depth of the ejecta is written as
where κ is the opacity of the ejecta, and V ′ is the co-moving volume. The ejecta is initially opaque when τ > 1, so that X-ray emission is essentially the Wien tail of the merger-nova photosphere emission, if there is no significant energy dissipation and Comptonization below the photosphere (which we assume for simplicity in this paper). The trapped magnetar wind however becomes transparent after t τ defined by τ = 1. The X-ray luminosity would rise up quickly to the level of free zone luminosity at t > t τ (Eq. (23)) if the magnetar is still alive, since the newly dissipated X-rays would escape the remnant without being reprocessed.
In order to calculate the X-ray lightcurve, one needs to solve the dynamical evolution of the merger-nova ejecta, which is heated by radioactive decay and energy injection from the magnetar (Yu et al. 2013) .
The total energy of the ejecta excluding the rest mass energy can be expressed as
where Γ is the Lorentz factor, E ′ int is the internal energy in the co-moving frame, and the two terms represent the kinetic energy and the thermal energy of the ejecta, respectively. For each time step dt, the ejecta receives energy from the magnetar (with luminosity L sd ) and from radioactive decay of the neutron-rich materials (with luminosity L ra , and in the mean time lose energy through emission of the electrons (with luminosity L e ). Energy conservation therefore gives
where t is the observer's time, L sd is defined by Eq.(4), L ra is the radioactive power, and L e is bolometric radiation luminosity by the heated electrons. Equating the derivative of Eq. (12) with Eq.(13) and noticing that dt ′ = Ddt (t ′ is the co-moving time), where D = 1/[Γ(1 − β cosθ)] is the Doppler factor with β = √ 1 − Γ −2 and θ = 0 for an on-beam observer), one has
The change of the internal energy includes heating from magnetar and radioactivity and cooling due to radiation and pdV work (Kasen & Bildsten 2010) . Therefore, in the co-moving frame, the evolution of internal energy can be calculated as (Yu et al. 2013 )
where ξ is an efficiency parameter to define the fraction of the spin-down energy that is used to heat the ejecta. The comoving luminosities are defined as L
, and the co-moving radiative heating luminosity can be calculated as
with t ′ 0 ∼ 1.3 s and t ′ σ ∼ 0.11 s (Korobkin et al. 2012) . For a relativistic gas, the pressure is (1/3) of the internal energy density, i.e.
The co-moving volume is determined by
and the effective velocity of the ejecta for the observer can be generally written as (valid for both non-relativistic and relativistic regimes)
The co-moving frame bolometric emission luminosity of the heated electrons can be estimated as
where the first expression takes into account the skin-depth effect of an optically thick emitter. The observed spectrum is nearly blackbody with a typical temperature
where k is the Boltzmann constant and a is the blackbody radiation constant. For a blackbody spectrum with co-moving temperature T ′ , the luminosity at a particular frequency ν is given by
So for a stable magnetar, the observed X-ray luminosity in the trapped zone can be written as
where the first term is emission from the dissipating wind, which is negligible when τ ≫ 1, and the second term is the Wien tail of the merger-nova photosphere, which can be calculated using Eq. (22) by choosing a typical X-ray frequency.
2.4. Collapse of the supra-massive neutron star The final product of a NS-NS merger depends on the initial masses of the two pre-merger NSs and the EoS of the compact object. For a merger product with mass M s and a given EoS, one may define a critical period P c above which the NS would collapse into a black hole. For a given EoS, the maximum mass M max a NS can sustain is a function of period P. The shorter the P, the larger the M max , which can be cast into the form Li et al. 2016c )
where M TOV is the maximum mass of a NS with zero spin for a given EoS, α and β are the phenomenological parameters to describe how the maximum mass of a supra-massive NS depends on M TOV and P, which depends on the NS EoS. Notice that β < 0 guarantees a decreasing M max with increasing P. The collapse time can be calculated by equating M s and M max , which gives
The merger product is a supra-massive NS if P c > P i , but would be a prompt BH (direct collapse or hypermassive NS) if P c < P i . Using Eq.(3), one can derive the collapse time (Gao et al. 2016a )
where Ω c = 2π/P c , a = (32GIǫ 2 )/(5c 5 ) and b = (B 2 p R 6 )/(6c 3 I), and a and b are assumed to be approximately constant during the evolution.
The evidence of direct collapse of a supra-massive NS to a BH is collected from the sGRB observations. By analyzing the joint BAT-XRT light curves of sGRBs, Lü et al. (2015) found that a good fraction of them show an internal plateau (the temporal segment with decay slope close to flat), followed by a decay slope steeper than 3. This implies internal dissipation of a magnetar central engine with the steep decay marking the collapse of the supra-massive NS into a black hole. Gao et al. (2016a) obtained a minimum 22% fraction of supra-massive NSs as the central engine of sGRBs. Within the EoS GM1 , Gao et al. (2016a) obtained ∼ 30% supra-massive NSs that collapses to black holes in a range of delay time scales, ∼ 30% stable NSs, and ∼ 40% prompt black holes if the cosmological NS-NS systems follow the mass distribution of Galactic NS-NS systems (Kiziltan et al. 2013; Martinez et al. 2015) .
Equations of State
The outcome of our model depends on the EoS of the central compact star, which is not uniquely constrained either theoretically or observationally. Recently, Li et al. (2016c) studied the spin-dependent compact star structure for four recently-constructed "unified" NS EoSs (BCPM, BSk20, BSk21, and Shen) and three developed strange quark star (QS) EoSs (CIDDM, CDDM1, and CDDM2) and derived the α and β values of each EoS in the convention of Eq.(24). They found that except BCPM, all other six EoSs can reproduce the observed supra-massive NS/QS fraction. Furthermore, they found that the QS EoSs can better reproduce the observed collapse time distribution as inferred from the data (Lü et al. 2015) . The best match with the data constrains the distributions of different parameters (P i , B p , ǫ, and η) for different EoSs (Table I .II of (Li et al. 2016c) ). Again assuming the Galactic NS-NS mass distribution, we calculate the postmerger product fractions, which are shown in Table 1 . These results are used below to construct the peak luminosity function of these X-ray transients. 2.6. Characteristic times & gallery of light curves The lightcurves of the X-ray transients depend on the relative positions among the following three critical times:
• t sd : the spin-down time of NSs, as defined in Eq.(7);
• t τ : the time at which τ = 1 is satisfied, which is the transition point of wind emission from being trapped to free;
• t col : the time at which the NS collapses into black hole (Eq. (26)).
A gallery of all 12 possible X-ray lightcurves is collected in Figure 2 . There are three general types that correspond to the three observational zones: jet zone (J1-J3), free zone (F1-F3) and trapped zone (T1-T6).
The jet zone and free zone lightcurves are similar to each other, except that there is a short GRB observed (marked as the black solid line) for the jet zone but not in the free zone. There are three possible lightcurves for each case, which correspond to the cases of a stable NS (J1 and F1), a supra-massive NS with collapse happening during the decay phase (t col > t sd , J2 and F2) and during the plateau phase (t col < t sd , J3 and F3), respectively. Given the typical magnetar parameters (see section 3.1 for details), the plateau is as bright as 10 49−50 erg s −1 , which is also consistent with the luminosity of the internal X-ray plateaus seen in some sGRB afterglows. The merger-nova typically peaks in optical/IR. In X-rays (dotted line) it is much fainter than the direct wind dissipation component, i.e. below 10 40 erg s −1 , so that it is not detectable. For indicative purposes, we mark a cutoff of lightcurve at t col . In reality, the decay should be shallower due to the so-called "curvature effect", i.e. the delay of arrival of high-latitude photons (Kumar & Panaitescu 2000; Uhm & Zhang 2015) , but due to the effect of the zero time offset ) and a possible "bulk acceleration" effect (Uhm & Zhang 2015 , the actual decay slope can be very steep, e.g. ∝ t −10 as seen in the observations (Rowlinson et al. 2010 (Rowlinson et al. , 2013 Lü et al. 2015) . In the jet zone, interaction between the GRB jet and the ambient medium would also power a bright X-ray afterglow, which may appear as an external plateau (e.g. Lü et al. 2015) . However, such afterglow emission is diminished in the free zone. The dominant X-ray emission should come from the nearly isotropic internal dissipation emission of the magnetar.
In the trapped zone, the lightcurves are more complicated, as shown in T1-6 in Figure. 2. It includes two components: the merger-nova component (mostly too faint to be detected) and the wind dissipation component. Due to the e −τ factor, the wind emission can diffuse out only when the ejecta gets transparent around t τ (e.g. Gao et al. 2015) . If the collapse happens before the ejecta becomes optically thin, there is no wind emission observed (T6). Otherwise, the wind emission would come out at around t τ . In the case of a stable NS (t col = infinity), the wind emission always comes out, either during the plateau phase (t τ < t sd , T1) or during the decay phase (t τ > t sd , T2). In the case of supra-massive NSs, one has four cases depending on the comparison among t col , t τ and t sd : for t τ < t col < t sd (T3), one observes part of the plateau and the star collapses before spinning down; for t τ < t sd < t col (T4), one observes part of the plateau and a decay segment before the collapse; for t sd < t τ < t col (T5), one can only observe a decay segment before the collapse; and for t col < t τ (T6), the wind emission cannot be observed. For typical parameters, the merger-nova component (red solid line) for all 6 cases is too faint to be detected (as shown in Fig. 2 ), but with extreme parameters (e.g. B p > 10 16 G), the X-ray emission of the merger-nova can be very bright (Siegel & Ciolfi 2016a,b) .
To sum up, bright X-ray transients are expected from the free zone, while in the trapped zone the chance of observing bright events is much lower. As a result, based on the current non-detection of bright X-ray transients one may constrain the solid angle ratio parameter k Ω (Eq.(2)) for the free zone. One can also predict the luminosity function and event rate density of these transients once k Ω and EoS are determined and study the detectability of these transients by current and future wide-field X-ray or soft γ-ray detectors.
MONTE CARLO SIMULATIONS: PEAK LUMINOSITY FUNCTION & EVENT RATE DENSITY

Simulations
The luminosity function and event rate density of the X-ray transients depend on many factors, including the EoS, solid angle fraction k Ω , and many other unknown parameters associated with the ejecta and the magnetar. Lacking observational data, it is impossible to give a unique prediction. In the following, we take GM1 EoS as an example Gao et al. 2016a) , and discuss other EoSs through a comparison of the results. For each EoS, we adopt some typical parameters inferred from the sGRB data, and make predictions by assuming different values of k Ω .
For the GM1 EoS (Glendenning & Moszkowski 1991) , we adopt M TOV = 2.37M ⊙ , R = 12.05km, I = 2.13 × 10 45 g cm −2 , −10 s −β and β = −2.84 using the prescription of Eq.(24) . The following parameters are adopted in the simulations based on previous work (Gao et al. 2016a) : the ejecta mass with a lognormal distribution N ej (µ ej = 10 −2 M ⊙ , σ ej = 0.5), the dipolar magnetic field strength with a lognormal distribution N B (µ B = 10 15 G, σ B = 0.2), the initial period P i = 1 ms, ellipticity of the nascent NS ǫ = 0.005, and efficiency parameters ξ = 0.5, η = 0.5. For other EoSs, the best-fit parameters derived from Li et al. (2016c) are adopted. For all the simulations, the opacity parameter is adopted as κ = 2 cm 2 g −1 . This is an unknown parameter, which ranges from 0.1-10 cm 2 g −1 depending on whether lanthanides dominate the opacity ( Our moderate value is based on the consideration that the lanthanides do exist in the ejecta, on the other hand, the magnetar wind tends to destroy the heavy elements and reduce opacity. In reality, different merger systems may have different κ values, and our typical value may be regarded as the average value of opacity among different events. We simulate 10000 events for the trapped-zone events. The number of free-zone events can be correspondingly simulated based on the assumed k Ω .
Peak luminosity function & event rate density:
the case of GM1 The peak luminosity of the X-ray transients depends on several factors. In the free zone, it is the luminosity during the plateau phase. In the trapped zone, if t col > t τ , the peak lumi-nosity is simply Eq.(23) at t τ . If t col < t τ instead, the peak luminosity is defined by the merger-nova, and correspond to the maximum value of Eq.(22). As a result, the luminosity function includes two components: one high-L component related to wind dissipation, and another low-L component related to merger-nova.
For GM1, it was found that f BH : f SMNS : f SNS = 40% : 30% : 30% for prompt black holes, supra-massive NSs, and stable NSs (Gao et al. 2016a ). The latter two are relevant to the Xray transients we model.
In order to determine the event rate density of these transients, we use sGRB event rate (Sun et al. 2015) as a normalization. Since the event rate density evolves with redshift, throughout the paper we refer "event rate density" to the local one, i.e. ρ 0 . It is possible that the sources other than NS-NS mergers (e.g. BH-NS mergers) may also contribute to the detected sGRBs, but in view of the prevalence of internal X-ray plateaus in sGRBs (Lü et al. 2015) , it is possible that the majority of sGRBs are powered by NS-NS mergers. For simplicity, we assume that all sGRBs are powered by NS-NS mergers for the GM1 model. Based on the sGRB event rate density ρ sGRB , one can estimate that of the free-zone events:
The event rate density of the trapped-zone events can be inferred based on the derived luminosity function from the simulations.
The luminosity functions and event rate densities of the Xray transients for GM1 EoS are derived for three k Ω values (10, 3, 1), which are shown in Figure 3. A typical jet opening angle of 10 degrees for sGRBs has been assumed. The peak luminosity functions are shown in the left column and the estimated event rate densities are shown in the right column. The peak LFs are bimodal and can be fit with the sum of two log-normal distributions
The best-fit parameters are given in Table 2 . The high-L component due to the direct wind dissipation in the free zone (red) peaks at 10 49.6 erg s −1 , and the low-L component from the trapped zone (blue) peaks at 10 46.4 erg s −1 . The high-L component becomes progressively significant when k Ω increases. In the event rate density plot, the high-L component defines the plateau-like feature in the high-L regime. For comparison, we display the event rate densities of SN shock breakouts and low-luminosity long GRBs (LL-lGRBs) from Sun et al. (2015) . All these three types of transients share the similar luminosity range from 10 45 to 10 50 erg s −1 . Till now, we only have two confirmed SN SBOs and six LL-lGRBs. The nondetection of the X-ray transients discussed in this paper suggest that their event rate density should at most be comparable to the other two types. This criterion places a strong constraint to k Ω . One can see that the case of k Ω = 10 is already disfavored by the data. As a result, the free zone may be at most a few times of the jet zone. The majority of the solid angle should be in the trapped zone. This is consistent with the numerical simulations that suggest that the dynamical ejecta cover the majority of the solid angles. A more quantitative constraint on k Ω may be carried out in the future when the Xray / soft γ-ray transients are detected (e.g. Y. in preparation, for a report on candidate events from the Swift BAT archives.) 3.3. Other EoSs and other high-energy transients Besides EoS GM1, we also test EoSs from Li et al. (2016c) , among which 6 out of 7 could satisfy the lower limit of the observed supra-massive NS fraction. On the other hand, the supra-massive NS fraction, f SMNS for several EoSs (BSK21, Shen, CIDDM, CDDM1, CDDM2) are too large. In order to satisfy the observational constraints from sGRBs (which shows that f SMNS is ∼ 30%− 50%), for these EoSs, we assume that NS-NS mergers contribute to 50% of the sGRB population, with the other half produced by NS-BH mergers.
We show in Fig.4 the event rate density as a function of luminosity for all seven EoSs studied in Li et al. (2016c) . The cases for k Ω = 10, 3, 1 are shown in different panels. One can see that all EoSs except EoS BSk21 meets the non-detection criterion, i.e., the predicted X-ray transients have an event rate at most of other observed transients with a similar luminosity. With a larger solid angle ratio, say k Ω ≃ 10, all EoSs over-predict events with peak luminosity around 10 49−50 erg s −1 . The event rate density above 10 45 erg s −1 , ρ 0,>10 45 , on the other hand, is around several tens of Gpc −3 yr −1 for EoSs GM1, CDDM2, but is one order of magnitude smaller for other EoSs. This is because this population of transients mostly depends on the fraction of stable compact stars, which guarantee to still produce X-ray emission when the ejecta become transparent. EoSs GM1 and CCDM2 (with 50% correction for NS-NS mergers) have the highest stable fraction, and hence, the highest event rate density. Since at this luminosity the number is dominated by the trapped-zone low-L component, ρ 0,>10 45 varies little for different k Ω values.
Also plotted in Fig.4 are the event rate densities of all other high-energy transients (besides LL-lGRBs and SBOs, TDEs and sGRBs are also plotted) studied in Sun et al. (2015) . One can see that the predicted X-ray transients fall into the range of possible detections with the current facilities, if k Ω is of order of unity.
Detectability
To be more quantitative, we calculate the detectability of such X-ray transients for present high-energy satellites and future wide-field X-ray telescopes based on the estimated luminosity functions and event rate densities. The detected number of events per year can be estimated as (Sun et al. 2015 )
where Φ(L) is the luminosity function and f (z) describes the redshift distribution of events. We take Φ(L) for k Ω = 1 for EoS GM1 as an example. The redshift distribution f (z) is -Peak luminosity functions (left) and event rate densities (right) for the GM1 EoS for k Ω = 10, 3, 1. Left: peak luminosity functions of both the free zone (red) and the trapped zone (blue). The X-ray transients from the merger-nova are so weak that they are neglected. The joint luminosity function is fit by the black dashed lines. Right: The event rate densities of the three models (pink) as compared with those of LL-lGRBs and SBOs (Sun et al. 2015) . The joint fit of LL-lGRBs and SBOs and the powerlaw index is shown in grey.
taken from Eq.(20) in Sun et al. (2015) , which considers a Gaussian distribution of the merger delay time scale for NS-NS mergers. The redshift-dependent specific co-moving volume reads (for the standard ΛCDM cosmology)
For a particular L, the maximum redshift z max (L), which defines the maximum volume inside which an event with luminosity L can be detected, relies on the sensitivity threshold F th via
We estimate the detection rates for Swift/BAT and XRT, XMM-Newton, Chandra, as well as the upcoming Chinese wide field X-ray telescope Einstein Probe (EP, with a designed field of view of 1str.). We also consider the specific flux sensitivity for each telescope by assuming a ∼ 1000s exposure time.
In Figure 5 , we give the detection rate as a function of both sensitivity and field of view for all the above-mentioned instruments. It can be seen that the present narrow field X-ray telescopes can hardly detect such X-ray transients. This is consistent with the non-detection of these events so far. The detection rate of BAT,Ṅ, can be around 1-2 per year. For ten years service, BAT may have already detected two dozens of such bright transients, if their spectra extend to the BAT energy band. However, they may have been confused as faint long-duration GRBs (or X-ray flashes). A systematic search in the faint BAT GRB sample may lead to identifications of -Global event rate density distribution of the X-ray transients for k Ω = 10, 3, 1 for seven EoSs studied in Li et al. (2016c) . The data of other high-energy transients, including LL-lGRBs, SBOs, TDEs and sGRBs, are also presented (from Sun et al. (2015) ) with a single power law fit (red line) and 3σ boundary for the correlation (dotted line).
such events (Y. Li et al. 2016, in preparation) .
The prediction for EP is very promising. With the high sensitivity and large field of view, EP may be able to detect ∼ 100 such events per year. Considering that for some parameters the light curves in the trapped zone show rapid decline as a function of time, which effectively reduce the integration time (with respect to the constant luminosity case), we more conservatively suggest a detection rate of several tens per solid angle per year for EP. The detections by EP would validate the existence of such events, testify the luminosity functions of the transients, and constrain the range of k Ω .
It is interesting to estimate the joint detection rate of these X-ray transients with the aLIGO GW signals. Taking EoS GM1 and k Ω = 1 as an example (the event rate densities vary by a factor of a few for different EoSs as discussed in section 3.3), within the 200 Mpc aLIGO average range for NS-NS mergers (Abbott et al. 2016c) , the estimated event rate of these transients is about 1 per year all sky. The joint GW/Xray detections depend on the field of view of the high-energy detector. Since 200 Mpc is so close, sensitivity would not be an important factor, and the field of view would be the key factor to determine the joint detection rate. For instruments like EP (about 1 steradian solid angle), one joint GW/X-ray detection may be made within a ten-year operation of both the X-ray telescope and the GW detectors. Swift BAT has a larger field of view (∼ 1/7 of all sky). It may give 1 joint detection with aLIGO in seven years.
CONCLUSIONS & DISCUSSION
Considering that NS-NS mergers can leave behind a stable or a supra-massive millisecond magnetar, Zhang (2013) proposed that there could be sGRB-less X-ray transients associated with gravitational wave events due to NS-NS mergers. In this paper, we studied such events in great detail. By defining three geometric zones (jet zone, free zone, and trapped zone) and solve the dynamical evolution and merger-nova ejecta, we predicted 12 different types of X-ray lightcurves for NS-NS mergers, 9 of which are sGRB-less. The X-ray transients are brighter from the free zone, with a typical luminosity ∼ 10 49.6 erg s −1 . In the trapped zone, since X-ray luminosity rises only after the merger ejecta becomes transparent, the X-ray transients are fainter, with a typical luminosity of ∼ 10 46.4 erg s −1 . Through Monte Carlo simulations, we investigated the possible peak luminosity function and event rate density of the X-ray transients under different assumed NS/QS EoSs and for different assumed solid angle ratios, k Ω . In general, the peak luminosity function is bimodal, which can be fit with two log-normal distribution components from the free zone and the trapped zone, respectively. The relative number ratio between the two components depends on the unknown k Ω . By comparing the predicted event rate density of these transients with those of other known high-energy transients such as LLlGRBs, sGRBs, TDEs, and tidal disruption events, we constrain that k Ω is at most a few, which means that the free zone solid angle is at most comparable to (or slightly greater than) the sGRB solid angle. The event rate density of these transients above 10 45 erg s −1 is around a few tens of Gpc −3 yr −1
for EoSs GM1 and varies little for other EoSs. We calculate the detectability of these transients by current and future Xray detectors. Swift/BAT may have detected some such transients, which might be confused as faint long GRBs or X-ray flashes. The upcoming sensitive, wide-field X-ray telescope such as the Einstein Probe mission may be able to detect up to several tens of events per year of such events. The joint aLIGO-high-energy detections should be rare, roughly 1 per year all sky. The detectability mostly depends on the field of view of the wide-field X-ray / soft γ-ray detectors.
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